To test the hypothesis that frequent cognitive activity predicts slower cognitive decline before dementia onset in Alzheimer disease (AD) and faster decline thereafter.
More frequent cognitive activity has been associated with reduced risk of cognitive decline and dementia [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] but not with the neurodegenerative lesions associated with dementia. 11 This suggests that cognitive experiences may somehow protect cognitive systems from incipient neurodegeneration. A critical test of this hypothesis is the fate of cognitively active people when they develop dementia and activity's protective effect is apparently lost or greatly diminished. 12, 13 If cognitive activity before dementia onset were truly protective, higher activity would be associated with a relatively greater pathologic burden at time of diagnosis and therefore with more rapid cognitive decline thereafter. 14 This result would imply that cognitive activity substantially compresses the cognitive morbidity of Alzheimer disease (AD) by associations with delayed dementia onset and then more rapid dementia progression, thereby reducing the proportion of the lifespan spent in a state of dementia.
We investigated these ideas in a community population of older people. They rated frequency of participation in 7 cognitive activities. At 3-year intervals thereafter, samples of e-Pub ahead of print on September 1, 2010 , at www.neurology.org. Supplemental data at www.neurology.org residents underwent uniform clinical evaluation and were classified as having no cognitive impairment, mild cognitive impairment (MCI), or AD. Following clinical classification, brief cognitive performance tests were administrated at 3-year intervals. We constructed mixed-effects models to characterize subsequent rate of change in cognitive function within each diagnostic group and to test the hypotheses that higher level of cognitive activity would be associated with slower cognitive decline prior to dementia onset in AD and with more rapid decline thereafter.
METHODS Participants. Subjects are from the Chicago
Health and Aging Project, an ongoing longitudinal study of risk factors for AD conducted in 4 adjacent neighborhoods in Chicago. 15 After a census of the study area beginning in 1993, all residents aged 65 years or older were invited to participate in an in-home interview. A stratified random sample of interviewees was asked to undergo a detailed clinical evaluation. Approximately 3 years later, the entire population was re-interviewed and a stratified random sample of those judged dementia-free in the first wave of data collection had a clinical evaluation. The interview of the full population and clinical evaluation of a previously dementia-free subset has been repeated at 3-year intervals, with the fifth wave of data collection currently in progress, as depicted in the top 2 rows of figure 1. The clinical evaluation was designed to support clinical classification of MCI, dementia, and AD. It includes a structured medical history, complete neurologic examination, administration of a battery of 18 cognitive performance tests, and laboratory testing, as previously described. 8, 16 A boarded neuropsychologist reviewed the cognitive test data and rated impairment in 5 cognitive domains. Based on these data and an in-person examination, a physician diagnosed dementia and AD. Dementia criteria required a history of cognitive decline and evidence of impairment in at least 2 areas of cognitive function, 1 of which must be memory to meet criteria for AD. 17 As previously described, 18 the neuropsychologist and physicians were provided with algorithmic ratings of cognitive impairment, dementia, and AD to help enhance uniformity in clinical decisionmaking.
Persons who did not meet dementia criteria but were impaired in at least 1 cognitive domain were classified as MCI. These MCI criteria have previously been associated with mortality, 18, 19 cognitive decline, 18, 20 and postmortem evidence of neurodegeneration. [21] [22] [23] As shown in figure 1 , the current analyses are based on individuals who completed a clinical evaluation in the second, third, or fourth wave of data collection. We excluded clinical evaluations from the first wave to restrict the study to incident AD and from the ongoing fifth wave because of insufficient time for follow-up. Of 2,176 individuals sampled for the second, third, or fourth clinical evaluations, 1,521 (69.9%) participated, and 1,508 (69.3%) of the evaluations yielded sufficient data to support clinical classification (946 from second wave clinical evaluation, 297 from third, 265 from fourth). There were 253 deaths before follow-up (164 from second wave clinical evaluation, 44 from third, 45 from fourth). Of the 1,255 survivors, 98 (7.8%) were lost to follow-up (71 from second wave clinical evaluation, 7 from third, 20 from fourth) and 1,157 (92.2%) had follow-up cognitive data (711 from second wave clinical evaluation, 246 from third, 200 from fourth). They had a mean of 2.7 valid global cognitive scores per individual, a mean age of 78.9 (SD ϭ 5.5) at the time of clinical classification, and a mean of 13.0 (SD ϭ 3.6) years of schooling; 63.2% were women; 50.2% were African American. Composition of study cohort sampled from community population times a week (4), several times a month (3), several times a year (2), or once a year or less (1). The activities, chosen because information processing plays a central role, were viewing television; listening to radio; reading newspapers; reading magazines; reading books; playing games like cards, checkers, crosswords, or other puzzles; and going to a museum. Ratings were averaged to form a composite measure of frequency of participation in cognitively stimulating activities. 24 Higher scores have been associated with decreased rate of cognitive decline and risk of developing dementia in this 8, 9 and other 10 longitudinal cohort studies. 24 we used a composite of the tests in analyses. Raw scores on each test were converted to z scores, using the population mean and SD at the initial interview, and the z scores were averaged to yield the composite measure of global cognition. 9, 24, 28 Data analysis. We used mixed-effects models 29 to characterize rate of cognitive change within diagnostic groups and to test whether premorbid level of cognitive activity modified these rates. In this growth curve approach, individual paths of change in cognitive function are assumed to follow the mean trajectory in the population except for random effects that cause baseline level of cognitive function to be higher or lower and rate of change to be faster or slower. These 2 random effects are assumed to follow a bivariate normal distribution. The model also estimates deviations of the observed measurements from each person's overall smooth trajectory. These deviations are assumed to be independent and comparably distributed normal errors with a common unknown variance. The assumptions were examined graphically and analytically and found to be adequately met.
Assessment
Those without cognitive impairment served as a reference group that was contrasted with MCI and AD groups. The primary model had 7 key terms of interest: time (in years since the population interview aligned with the diagnostic evaluation), cognitive activity, cognitive activity ϫ time, cognitive activity ϫ MCI, cognitive activity ϫ MCI ϫ time, cognitive activity ϫ AD, and cognitive activity ϫ AD ϫ time. The term for time indicates the mean change per year in the reference group. The terms for cognitive activity and its interaction with time test the relation of cognitive activity to baseline level of cognitive function and annual rate of cognitive change in the reference group. The interactions of cognitive activity with MCI and MCI ϫ time and with AD and AD ϫ time indicate the difference from the reference group in cognitive activity's associations with baseline level of cognitive function and annual rate of change. Terms were included for MCI and AD and their interactions with time to account for between-group differences in baseline level of cognition and rate of cognitive change. The model also included terms for age at diagnosis, sex, race, education, and their interactions with time so that the effects of the variables of interest were conditional on the fixed effects of these demographic variables on baseline level of cognitive function and rate of cognitive change.
The final model estimates were weighted to account for the stratified random sampling. Variance estimation was based on jackknife repeated replication. 30 To adjust for the temporal interval from the initial population interview (when cognitive activity was assessed) to the date of clinical classification, we repeated the initial model with terms for time from cognitive activity assessment to diagnostic evaluation and its interaction with time following the diagnosis. To assess the effect of education, we repeated the analysis without terms for education and its interaction with time. To assess the effect of attrition, we constructed a model to predict being excluded from longitudinal analyses with terms for age, sex, race, education, diagnosis, and cognitive activity. We then developed weights based on the inverse of the predicted probabilities from this model, multiplied these by the sampling weights, and then repeated the original analysis with the new weights. 31, 32 RESULTS Cognitive activity participation. As part of the initial population interview, all subjects rated frequency of participation in 7 cognitively stimulating activities from which a previously established composite score was derived. In the 1,157 subjects eligible for analyses, scores ranged from 1.43 to 4.71, with higher values indicating more frequent activity (unweighted mean Cognitive activity and cognitive decline. On clinical evaluation, 614 individuals had no cognitive impairment, 395 had MCI, and 148 had AD. As shown in table 1, those with AD were older, less educated, and more likely to be African American than those without AD, and they had a lower premorbid level of cognitive activity.
We used mixed-effects models to characterize change in cognitive function in persons in each diagnostic subgroup and to test the relation of premorbid cognitive activity to change in each subgroup. The outcome is a composite measure of global cognition based on 4 tests administered at 3-year intervals as part of the population interview. For these analyses, we used cognitive data from the wave when the clinical evaluation took place and all subsequent population interviews (mean ϭ 2.7 assessments per person, SD ϭ 0.8, range ϭ 2-4). At the initial assessment point, global cognitive scores ranged from Ϫ3.08 to 1.48 (unweighted mean ϭ 0.25 [SD ϭ 0.60]; weighted mean ϭ 0.42 [SE ϭ 0.03]), with higher scores denoting better performance.
In those without cognitive impairment on clinical evaluation, the global cognitive score subsequently declined a mean of 0.056 unit per year, as shown by the term for time in model A of table 2 (table e-1 on the Neurology ® Web site at www.neurology.org shows an expanded version of the table, and table e-2 provides model results before upweighting). Each additional point on the cognitive activity scale in the no cognitive impairment subgroup was associated with a 0.116-unit increase in baseline cognitive score and a 0.029-unit decrease, or about 52% (0.029/0.056), in annual rate of global cognitive decline, as shown by the terms for cognitive activity and cognitive activity ϫ time. In the MCI subgroup, however, cognitive activity was not related to level of global cognition at study baseline or subsequent rate of cognitive decline. In AD, cognitive activity was not related to baseline level of cognition, but it was related to change, with each point on the premorbid cognitive activity scale associated with a 0.075-unit increase, or about 42% (0.075/0.180), in annual rate of global cognitive decline.
Because cognitive activity was assessed from 1.5 to 12.4 years before clinical classification took place and this could have affected results, we repeated the analysis with terms added for the duration of this interval and its interaction with time after diagnosis. As shown in table 2 (model B), the association of cognitive activity with cognitive decline was unchanged. Results were also comparable when terms for education and its interaction with time were dropped from the model (estimate for cognitive ac- To examine whether these missing data affected results, we repeated the analysis with weighting to account for the probability of being missing, 31, 32 and the key interactions involving cognitive activity and time were essentially unchanged. Figure 2 shows the predicted 6-year paths of change in cognitive function for individuals with low (10th percentile, dotted line) vs high (90th percentile, solid line) levels of cognitive activity in the no cognitive impairment (black lines), MCI (blue lines), and AD (red lines) groups. The figure suggests differences in the relation of late-life cognitive activity to cognitive decline at different points along the spectrum from intact cognitive functioning to AD. High level of cognitive activity was associated with reduced cognitive decline in asymptomatic individuals, unrelated to cognitive decline in mildly symptomatic persons, and associated with accelerated decline after dementia onset in AD. a All data are presented as mean (SD) for unweighted values and mean (SE) for weighted values unless otherwise indicated. Abbreviations: AD ϭ Alzheimer disease; MCI ϭ mild cognitive impairment. a From weighted mixed-effects models that also included terms for age at diagnosis, sex, race, education, MCI, AD, and their interactions with time. Model B also controlled for time from cognitive activity assessment to clinical diagnostic evaluation and its interaction with time.
DISCUSSION
More than 1,100 older community residents without dementia rated frequency of participation in cognitively stimulating activities. After a mean of about 6 years, they underwent clinical evaluation for MCI and AD and then were followed with brief cognitive performance tests for another 5 to 6 years. More frequent cognitive activity was related to slower cognitive decline in those without cognitive impairment and more rapid cognitive decline in AD, with no effect in MCI. The results suggest that latelife cognitive activity compresses the cognitive morbidity of AD by delaying its onset and by hastening cognitive decline after dementia onset. In prior research, higher level of cognitive activity has been associated with reduced cognitive decline in persons without dementia. 2, [9] [10] [11] However, its association with cognitive decline within no cognitive impairment or MCI subgroups has not been examined. The present results suggest that the association of frequent cognitive activity with reduced cognitive decline is primarily due to its association with the initial development of cognitive impairment rather than with slowing the progression of cognitive impairment thereafter. Further, few studies have examined the relation of premorbid cognitive activity to cognitive decline in AD and results have been mixed. One study found, like the present one, that higher premorbid activity predicted more rapid cognitive decline, but the cohort was selected and premorbid activity was assessed by retrospective informant report. 12 The other study, like the present one, used a population-based sample and self-report of cognitive activity prior to dementia onset, but findings were mainly negative. Higher level of cognitive activity was not related to more rapid cognitive decline following dementia onset though there was some evidence of the association when cognitive function assessments prior to dementia onset were used in analyses. 13 The present results show the correlation of premorbid cognitive activity with cognitive decline in AD to be statistically robust and comparable in magnitude, but opposite in direction, to cognitive activity's well-established association with change in cognitive function prior to dementia onset.
These findings suggest that cognitive activity somehow enhances the brain's ability to maintain relatively normal function despite the accumulation of a mild to moderate neuropathologic burden, perhaps due to activity-dependent changes in the function and structure of neural systems underlying cognitive functioning. 33, 34 Any protection provided by cognitive activity must be limited, however, because cognitively active people do develop dementia. If cognitive activity does somehow allow the brain to tolerate more pathologic changes, those with high premorbid cognitive activity are likely to have a higher pathologic burden than those with low premorbid activity at the time of dementia onset and therefore to experience a more rapidly progressive dementia course. In effect, these results suggest that the benefit of delaying the initial appearance of cognitive impairment comes at the cost of more rapid dementia progression.
Because AD gradually evolves over many years, some factors that predict dementia, such as impaired olfaction, 35 are really early signs of the disease. Although a reverse causality hypothesis can account for cognitive activity's association with risk of dementia, it cannot easily explain the correlation between premorbid cognitive activity and cognitive decline in AD observed here or the apparent lack of association between cognitive activity and the neuropathologic lesions underlying AD. 11 These observational data suggest that interventions designed to enhance cognitive plasticity 36 may prove beneficial in compressing the cognitive morbidity of AD. In this regard, narrow interventions targeting executive control processes 37, 38 and multimodal interventions that engage older persons in challenging pursuits such as taking acting classes 39 or working in an elementary school 40 seem particularly promising. The present results suggest that cognitive enrichment interventions may need to be initiated before the development of cognitive impairment, possibly because many persons with MCI already have substantial levels of AD pathology. [21] [22] [23] This study has several strengths. Participants were sampled from a defined population and represent a broad spectrum of cognitive function from no impairment to frank dementia, suggesting the results are generalizable. Clinical classification was based on a uniform evaluation and widely used criteria, and cognitive function and cognitive activity were assessed with previously established psychometrically sound measures, enhancing our ability to model cognitive activity's association with cognitive decline in each diagnostic subgroup.
Study limitations should also be noted. Differences between diagnostic subgroups could have affected results. The composite measures of cognitive function and cognitive activity do not allow determination of whether results vary across domains of cognitive function, as suggested by some prior research, 2, 10, 11 or whether some activities are more important than others. In addition, with a mean of 2 to 3 observations per individual, we were not wellpositioned to capture nonlinear change in cognitive function within diagnostic groups.
